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Output Properties of Short-Pulse Gain-Switched Lasers
Lee W. Casperson
A formalism is derived for analyzing the spectral and temporal properties of gain-switched lasers. The de-
velopment of the longitudinal mode structure from spontaneous emission, limiting linewidths, and over-all
spectral characteristics are considered in detail; and applications are discussed.
1. Introduction
In the recent past, substantial research effort has
been devoted to the development of lasers operating
in the uv and x-ray regions of the spectrum. Because
of the unfavorable ratio of spontaneous to stimulated
emission for these wavelengths, most of the current
and proposed lasers operate on a short-pulse basis.
Other lasers such as the CO2 TEA devices are pulsed
to enhance the peak output power. Previous treat-
ments of gain-switching and Q-switching have con-
sidered a single monochromatic radiation field at line
center in a homogeneously broadened medium. In
gas lasers, however, Doppler broadening is not neces-
sarily negligible. Short-pulse lasers also typically
operate with a large number of closely spaced longi-
tudinal modes, and the single mode approximation is
not valid. We present here a formalism governing
the development of the output laser pulse from the
initial broadband spontaneous emission including the
formation and resolution of the modes. The results
can be applied in a straightforward way to the inter-
pretation or prediction of the output properties of
pulsed lasers.
In Sec. II is a detailed derivation of the develop-
ment of the longitudinal mode structure from spon-
taneous emission. It is found that under most condi-
tions the spectral width of the modes rapidly narrows
to a limiting value that may remain nearly constant
throughout the rest of the pulse. This width is gen-
erally much greater than the linewidths that are fa-
miliar for typical cw laser oscillators. In very short-
pulse systems, the transient nature of the fields and
of the excitation exclude altogether the development
of discrete longitudinal modes. In Sec. III is derived
the noise input to the laser in terms of fundamental
properties of the amplifying medium. The resultant
linewidth formulas are specialized to the case of cw
oscillation for comparison with previous results. It is
shown in Sec. IV that the over-all spectral envelope
also narrows with time to a width that may be much
less than the initial spontaneous emission linewidth.
Discussions are included in Sec. V regarding the ap-
plicability of these results to practical short-pulse la-
sers.
11. Formation of The Longitudinal Modes
In this section the longitudinal mode structure of a
short-pulse laser oscillator is derived. The model
used is that of a plane parallel Fabry-Perot interfer-
ometer containing an amplifying laser medium. The
gain of the medium is switched on instantaneously at
time t = 0, as is a broadband spontaneous emission
source within the cavity. With increasing time the
radiation is amplified as it makes increasing numbers
of passes through the cavity. The superposition of
fields that are initiated by spontaneous emission at
various points in time leads to the longitudinal mode
spectrum of the laser. This instantaneous switching
model is a reasonable approximation for many mod-
ern laser systems where transverse pumping or high
speed shuttering yield turn-on times comparable
with the cavity round trip time.
One set of fields in the resonator is shown schema-
tically in Fig. 1. The amplitude of the spontaneously
emitted radiation traveling to the right at a point
near the right-hand end of the resonator is El. This
is light that has made exactly one round trip. The
small arrows indicate the reduction of the amplitude
due to the mirror amplitude reflectivities rl and rr.
Then the radiation with amplitude El will after n - 1
additional passes have the amplitude
Er = El (rlrr exp-i kdz)n-,
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(1)
where k = + ia is the complex propagation con-
stant and the integral represents one loop around.the
cavity. Initially it is assumed that k is independent
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Fig. 1. Development of the electromagnetic fields from spon
ous emission in an active Fabry-Perot laser resonator. Mirr
flectivities are r = r = 0.7, and the amplitude gain constant
1-1, where I is the resonator length.
of time and frequency, and saturation effects are
sidered later.
By the time the original radiation has made n 
es through the cavity, the total electric field Et wi
the sum of En and the radiation that originated
later time or
Et= En(1 + E1/E2 + E/E 3 +. .. + E/E,,)
= El(rtr, exp-i kdz)"'-[1 + (rer, exp -i kdz'
E 4 The real part of the propagation constant is related
to the frequency v, the index of refraction n0 , and the
vacuum speed of light by A = 2rnv/c. In terms of
the normalized frequency x = v f(27rn0 /c)dz + Al +
'r and the effective single pass gain factor F = R/2
R,1/2 expf adz, Eq. (6) may be written
E3 It = [( + F2 - 2Fncosnx)/(1 + F2 - 2Fcosx)]
= {[(F" _ 1)2 + 4Fnsin2 (nx/2)]/[(F - 1)2
. + 4Fsin2 (x/2)]}. (7)
En
Equation (7) describes the longitudinal mode spec-
El trum of an unsaturated gain-switched laser in which
the radiation has had time to make n round trips
through the cavity. The intensity peaks or longitu-
dinal modes are at the frequencies xj = 2rj, where j is
an integer. To see the implications of this result, Eq.
tane- (7) is plotted in Fig. 2 for a single pass gain of F = 1.5.
rr re- The broadband spontaneous emission spectrum is
is 0.7 transformed after a few round trips into a resonant
mode structure, and then no further narrowing of the
resonance lines occurs. That the spectrum should
become independent of n follows from Eq. (7) be-
cause for Fn >> 1 the intensity is governed by
iass-
i be
at a
)-I
+ (r1 r, exp -i f kdz)-2
+ * * * + (rr, exp- i kdz) - .)] (2)
This is a geometrical series having the sum
Et = El{[1 - (rer, exp - ifkdz)"]/[1 - (rjr, exp
- ifkdz)]}. (3)
In terms of the intensity I a EE*, Eq. (3) becomes
It =
[1 - (rer, exp - ikdz)"][1 - (r,*rr*expik*dz)n(
- (rjr, exp - if kdz)Jl1 - (rj*rr*expifk*dz)]
The amplitude reflectivities r, and rr are generally
complex to account for phase changes on reflection.
These phase changes depend on the mirror material
and the choice of reference plane. We define the re-
flectivities in terms of the intensity reflection coeffi-
cients according to
r, = RI /2exp - i; r = R) /2exp -if .
Then Eq. (4) reduces to
It = I,
It = {(1hF2")/[(F - 1)2 + 4Fsin2 (x/2)]}. (8)
The derivation of the noise input I, is given in Sec.
III.
The condition Fn >> 1 must eventually be satisfied
in all practical gain-switched lasers if the output is to
exceed the noise level. Accordingly, it is important
to consider what the limiting mode structure is for
various values of F; and a plot of Eq. (8) is given in
Fig. 3. It is clear from this figure that if F is signifi-
cantly greater than unity, the resonance lines become
l3
It
II
10
(5)
1 + (RiRr exp 2fadz)"
- 2(RRrexp2fadz)n/ 2 cosnUINdz + P + ,
1 + (RR, exp2fadz)
- 2(RRr exp24adz)/2cos(f,3dz + + Or)
(6)
I L_
0
n=l
7r 2r 37T 4-r
Fig. 2. Intensity spectrum incident on the right-hand mirror for
increasing numbers n of round trips through the cavity with a sin-
gle-pass gain factor F = 1.5.
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Fig. 3. Limiting emission spectra for various values of the single-
pass gain factor F > 1 with the emission maxima normalized to
unity.
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Fig. 4. Limiting emission spectra
pass gain fac
much wider than in typica
the mode structure begins
One can readily show from]
iting resonance lines are n,
mode spacing, the full width
i-Xmode = 2 (F
If the gain is less than tl
Eq. (7) the limiting mode st
It = I/[(1 - F)2
gain is made up by spontaneous emission added to
the laser mode. It is shown in Sec. III that these re-
sults may be used to determine the steady-state oscil-
lation linewidth.
Sometimes it is more important to know the total
intensity associated with a particular laser mode than
it is to know the details of the intensity spectrum.
The mode intensity may be found from the integral
(11)'mode =": j.J + (Av)/2fV "- (v) /2
where vj = (2rj - - r)/f (2-rn,/c) dz is the center
frequency of the mode and Av = 27r/f (27rn0 /c)dz is
the intermode frequency spacing. With Eq. (7) the
result is2
'mode = (vII)/(27r)f [(1 + F2" - 2F"l cosnx)/(1 + F2
- 2F cosx)]dx (12)
= AvIJ[(F2n _ 1)/(F2 _ 1)].
After many passes this reduces to
Imode = { ( vIiF2n)/(F2 _ 1)
mde, (AVI)(- F 2)
F > 1
F < 1.
(13)
From these equations follows the practical result that
the unsaturated output of the laser increases with in-
creases in reflectivity Rr of the coupling mirror if and
27r 3iT 47r only if the condition R1 exp(2fadz) > 1 is satisfied.
X It has been assumed here that the gain remains
for various values of the single- constant while the radiation makes an increasing
torF< 1. number of passes through the cavity. However, if
the radiation experiences a net gain as it propagates,
it must eventually reach a level sufficient to saturate
I cw lasers. For F > 10, the amplifying medium. An examination of the sig-
to disappear altogether. nificance of the terms in Eq. (2) shows that if satura-
Eq. (8) that when the lim- tion first occurs after m round trips through the cavi-
irrow compared with the ty, the mth term in the summation is the first to be
h at half maximum is affected. But the summation is dominated by the
leading terms, so the saturation does not affect the
-1)/F/ 2 . (9) spectrum. Thus the longitudinal mode spectrum is
determined primarily by the initial value of the gainhe loss (F < 1), then from and the input I(v) (this could be an injected signal
ructure is rather than spontaneous emission), and only the
_L An' F cin2f-/,)N / n% over-all intensity is influenced by the saturation.
This result can also be derived from the requirement
that the fields must repeat after one round trip ac-
cording to Et - = Etrirr exp-i f kdz. Equation
(10) is plotted in Fig. 4 for various values of F. Evi-
dently resonance lines exist even when the gain is less
than the loss. Thus the development of a mode
structure when a gain-switched medium is operated
in a laser cavity is by itself not a sufficient test for
-stimulated emission. The linewidth for this case is
the negative of the value given in Eq. (9). It is inter-
esting also to note that this corresponds to the opera-
tion of steady-state laser oscillators. In oscillators
the very slight discrepancy between the loss and the
Ill. Effective Noise Input
In the previous section, several relationships have
been derived governing the output longitudinal mode
structure of a gain-switched laser. All of these re-
sults depend, however, on knowing the effective noise
intensity I1 (or the injected signal), which is incident
initially on the right-hand resonator mirror. The
purpose of this section is to obtain explicit expres-
sions for I, due to spontaneous emission noise in
terms of more fundamental parameters of the laser
system.
By the noise intensity I, we mean the noise that
originated within the amplifying medium but has
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made less than a full round trip through the resona-
tor. Thus there are two contributions to I. The
first consists of radiation that is emitted toward the
right-hand mirror and undergoes amplification as it
propagates. The second consists of radiation that is
emitted in the left-hand direction, is amplified by the
medium, is reflected from the left-hand mirror, and
is amplified again before arriving at the right-hand
mirror. The paraxial noise per mode emitted from
one end of a uniform mirrorless homogeneously
broadened laser medium can be written3
N(v)dv = ({hc2N2L(v)[exp(2a(z)l) - 1]dv}/[16rvct(v)tj)
(14)
= [(hvN2)/(N2 - N)] [exp(2a(v)1) - ]dv, (15)
where N2 and N are, respectively, the total popula-
tion densities of the upper and lower laser levels, c is
the speed of light in the medium of length 1, t is the
spontaneous emission lifetime, and L(v) is the nor-
malized line shape function. Equation (15) is valid
also for inhomogeneous broadening before saturation
or whenever the lower level population can be ne-
glected. If we consider now the effect of the left-
hand mirror, it is clear from Eq. (15) and the preced-
ing discussion that the effective noise intensity inci-
dent on the right-hand mirror is
It = {(hvN2)/[A(N 2 - N,)]}[j + RI exp (2al)][exp(2cal)
- 1], (16)
where Ar is the area of the beam at the right-hand
mirror. Equation (16) is an expression for the input
noise intensity to a gain-switched laser oscillator.
Use of this equation in the results of Sec. II yields
quantitative formulas for the development of the lon-
gitudinal modes.
This Fabry-Perot analysis can be compared with
previous treatments by considering the special case
of steady-state oscillation. Equations (13) and (16)
imply that the total power in a single mode leaving
the cavity through the right-hand mirror is (assum-
ing lossless mirrors)
*P, = (huN2tv)/[(N 2 - N,)(1 -F2)]N1
+ R exp(2a1)][exp(2a1) - 1](1 - R,). (17)
Adding to this, a similar expression for the left-hand
mirror yields the total output power in the mode
Pmode = {(hvN2Av)/[(N2 - N)(1 - F2 )]}[exp(2aI) - 1]{2
- 2RRexp(2azl) + (R + R,)[exp(2cai) - 1]}. (18)
Far above threshold exp(2a1) (RiRr)-112; and Eq.
(18) reduces to
pmode hvN2Av[1 - (RR,.)'/ 2]2(R,1 /2 + R. t /2)2
2(N2 - Nl)( - F)RR,
= hvN2 (Av) 2 [l - (RR,)1/ 2 ]2 (Ri1 /2 + R. 1 /2)
27T(N2 - N)AVmodeRlRr (19)
where F 1, and Eq. (9) has been used to express
the linewidth of the mode as
AVmode = [AV(1 - F)j/(TFl /2 ). (20)
If the empty cavity linewidth Avc = Av[1 - (RRr)1/2]
/[7r(RIRr)1 4] is introduced, Eq. (19) becomes
AV\mode = {[27rhvN2 (AVc) 2]/[(N2 - NI)Pmode]}[(RI1 /2
+ R,.1/2)/(2R /4R,1/4)]2. (21)
This result has also been obtained from a transmis-
sion line analog,4 and it differs by the factor involving
mirror reflectivities from the results of microwave
cavity5 and circuit6 models. The mirror factor could
be significant for high loss asymmetric resonators op-
erated near threshold.7 For example, with R = 1
and Rr = 0.04, the value of this factor is 1.8.
IV. Spectral Envelope
The previous discussion has shown that in a gain-
switched laser the spontaneous emission spectrum is
gradually resolved into longitudinal modes. The rate
and extent of this process depend on the single pass
gain factor F. In addition the over-all spectral enve-
lope may also be expected to evolve in time, because
initially the gain is greater near line center than in
the wings of the transition spectrum. It is found
that before saturation the output linewidth may nar-
row to a value much less than the width of the origi-
nal noise spectrum. The mode spacing (if discrete
modes develop) is assumed to be much less than the
homogeneous linewidth. This condition is satisfied
in practical short-pulse lasers.
The starting point for this analysis is the pair of
rate equations governing the frequency-dependent
population densities in a medium with inhomo-
geneous broadening:
an2(v, z t) = S2 (V, t) - n(v, z,t) [A 2
at+ I
+ 2 Ib°I(Yn y 0z z7AVt -E + ( Yn)1
+ n(v z t) iT2'vJ 1 (y -) yt)2 (22)
an (v, z, t) = Si (v, t) + n2 (v, z, t) [A 2i
+at - I
-2, 1( Z, N~Y, n (v, z, t) Al
2TtV B.,1 (y yJ 23TA~~~~7Ah f + (y 2-lVXzt A
These are identical to the equations of Gordon et al., 8
except that the interaction has been generalized to a
broadband optical continuum rather than a single
monochromatic mode, and an explicit Lorentzian fre-
quency dependence of the Einstein B coefficient has
been introduced with a line center value of 2B0 /1rAVh.
Sl(v,t) and S2(v,t) are time dependent pumping rates,
Yn = 2 (v - o)/AVh is a frequency parameter normal-
ized in units of the homogeneous linewidth AVh, and
I(y,z,t) is the average spectral density at the fre-
quency Yn. If the intensity were monochromatic,
these equations then would reduce to those given
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previously.8 In the usual gain-switched situation,
pumping and spontaneous relaxation of the upper
level have a negligible effect on the population densi-
ties during the short laser pulse. Then if the lower
state decays quickly compared with the pulse length
(as in uv transitions to a repulsive lower state), it fol-
lows from Eqs. (22) and (23) that the inversion densi-
ty n n2 - ni is governed by
AVhom W Ah[(TE1ln2)/(kt)] = &Vh {[g (0)ht]} 
(28)
where g(O)hom is the unsaturated line center exponen-
tial gain constant for a homogeneously broadened
medium. Similarly, in an unsaturated inhomo-
geneously broadened amplifier the linewidth is
an(v, z, t) =-n( , z, t)2B0 f ' I(yn, z, t)dyn (
a t 2TZAVf J. 1 + (y - )
A Vinhom = AVD
[(lnkt - lnln{[exp(kt) + 1/21) l 2
1 (12) I-(
(29)
(In the opposite limit of negligible lower state decay,
the right-hand side of Eq. (24) would be multiplied
by two.) The integral of this equation is
n(v,z,t) = p(v)exp _ 225 J t)dY)dtfl (5)
where p(v) = po exp(-e2 y2) is the inversion spectrum
before the onset of the saturating laser pulse and =
(Avh/AVD)(1n2)1/2 measures the relative importance
of homogeneous and Doppler broadening.
The gain is proportional to the population inver-
sion of Eq. (25), and one can show that the time de-
pendence of the intensity spectrum is governed by
aI(yl, t) _ k[I(y1 , t) + 717 I' exp(- E2y2)
at J T f7l + (y- y)2
x exp[- s f t fi jdYdt]Y (26)
where the gain parameter is k = 41hv1 Bp 0 /(wTAvh),
with I the length of the amplifying medium and T the
round trip time. The noise parameter is i =
hvlAvh/(2A). The saturation parameter is s = 2B0 /
(7Avh); and the loss parameter is y = (251 -
lnRiRr)/T, where represents distributed losses in
the laser medium due, for example, to photoioniza-
tion in uv lasers. The intensity equation was written
in this form to emphasize the close analogy between
this result and the equation governing the spatial de-
pendence of the intensity spectrum in a high gain
laser amplifier.9 The only difference is that the spa-
tial variable z is replaced here by the time variable t,
and the saturation factor has a different form.
In an unsaturated oscillator the exponential satu-
ration factor in Eq. (26) reduces to unity, and the
linewidth results for laser amplifiers can be adopted
directly. For brevity, we only indicate a few of the
most useful conclusions. In an unsaturated homoge-
neously broadened laser oscillator (e >> 1), in which
the gain is much greater than the loss, the spectral
width of the output varies with time according to9
A Vh-. [ kt7' 2 ,E - 11/2 (7
1n{[exp(kt/r1 /2E) + 1]/2} - j
For short times (kt/7/ 2 E << 1) the linewidth is equal
to the homogeneous width Avh, but for long times
(kt/rl/ 2 e >> 1) Eq. (27) reduces to
For short times (kt << 1) the linewidth is equal to the
Doppler width AVD, but for long times (kt >> 1) Eq.
(29) simplifies to
ALinhom [(AVD)/(k t) 2 ] = {(AVD)/[g(O)1nh..tI'/ 2}, (30)
where g(O)inhom is the line center unsaturated expo-
nential gain constant for an inhomogeneously broad-
ened medium. For both homogeneous and inhomo-
geneous broadening, the output spectrum becomes a
Gaussian function narrowing about the center fre-
quency of the amplifying laser transition.
For a saturated laser oscillator the results are more
complicated. In the case of a homogeneously broad-
ened medium ( >> 1), all of the factors but the
Gaussian function can be removed from the inte-
grand of Eq. (26); and the result may be written as
[aI(yl, t)]/(at) = {k/[rr'/2Eh(t)]}{[I(y,, t) + 7]/(1
+ y 2)} _ YI(yj, t), (31)
where
h(t) = exp[ s f i_ I(Yn t) dyndt']- (32)
It is apparent from the form of Eq. (31) that the gain
retains its Lorentzian spectral distribution in spite of
saturation. In the limit of weak fields (I - 0), the
function h(t) is equal to unity; though after signifi-
cant narrowing has occurred, the Lorentzians are ef-
fectively equal to their line center values; and Eq.
(31) implies
dt = 7T1/2 E XIJL SJlslt)U ] - y1(t), (33)
where I(t) = fI(ynt)dyn is the total intensity
within the spectral envelope. Equation (33) is in
agreement with well-known relations for giant puls-
ing in homogeneously broadened lasers,10 and de-
tailed numerical solutions are omitted. In the spe-
cial case -y 0, Eq. (33) may be integrated analyti-
cally resulting in
'I (t) = il + k exp- sit[l + kk(/G1TE ESIj)]j1(1T/ _)
(34)
where Ii is the initial intensity. We wish to empha-
size that solutions for the total intensity based on the
familiar Eq. (33) are not valid until the spectrum has
narrowed to a value much less than /\Vh. If such ex-
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bution may be re
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simplifies to
[aI(y, t)]/(at),= k
l l ' I O- I ening is primarily homogeneous.1 ",2 Data for the
xenon laser show an exponential gain constant of
about g(0)hom 4 X 108 sec-' and a pulse delay of
about t - 5 X 10-8 sec. (See Ref. 12.) The expect-
ed spectral narrowing by the factor [g(0)homt/1n2]-1/2
O A\ \ \ \ = 5.4 is in fair agreement with the reported narrow-
ing from 200 A to 30 A. Also, from the depletion
relation g(0)homt = -lnEhom (or Fig. 5), it follows
that the parameter Ehom has the approximate value 2
l l l l X 10-9. The saturation parameter s could be readily
0 20 30 40 50 inferred from the peak output intensity if the cou-
Thor pling were known. These parameters may then be
used to obtain information about the fundamental
,rowing in a homogeneously broadened laser coefficients and densities of the laser medium.
trious values of Ehom = 7rEs'7/k. Alternatively, if the parameters of the laser medi-
um are known, this formalism can be used to obtain
quantitative estimates of the output power, number
does not occur, accurate results can of modes, etc. in conventional pulsed lasers. We il-
directly from Eq. (31). Numerical lustrate this procedure by using typical numbers for
ns of Eq. (31) are given in Fig. 5 for a 6943 A pulsed ruby laser. Ruby at room tempera-
igible losses. The normalized line- ture is predominantly homogeneously broadened and
vs the dimensionless time Thom = the parameter Ehom = esr/71k = l/ 2 sf7/g(0)hom must
various values of the parameter be estimated first. For simplicity we use typical ex-
Narrowing ceases when the inversion perimental values rather than first principle calcula-
approximately the time Thom = tions. It is assumed that the ruby rod has a cross
Lt this time Eq. (28) implies that the section of 1 cm2, a length of 10 cm, and is positioned
t Avhom = Avh(-ln2/lnEhom)1/ 2 , and in a cavity of 1-m length. In such a laser, the unsatu-
maximum total internal intensity is rated intensity approximately doubles each round
1 2 Es). An important conclusion is trip, so the gain is g(0)hom = (c/2L)1n2 = 1.04 X 108
iogeneously broadened laser can os- sec'. For a saturation energy of 1 J, one finds s = 1
e number of longitudinal modes, cm2/ = 10-4 m2/J. At room temperature the line-
de behavior is expected in cw homo- width of the 6943 A transition is AVh, 11 cm-' = 3.3
ned lasers. X 1011 Hz, so the spontaneous emission noise param-
geneously broadened medium (e << eter is = hvlAvh/2A = 4.72 X 10-4 J/m2 sec. (See
hat the intensity spectral width is Ref. 13). Combining these results, one obtains Ehom
'ith Avh. Then the intensity distri- = 8.05 X 10-16 and the output spectrum has a mini-
emoved from the frequency integral mum linewidth of Avhom = AVh(-nl2/nEhom)" 2 =
factor of Eq. (26) and the result 1.55 cm-1 = 4.66 X 1010 Hz. This result is rather in-
sensitive to the value of Ehom, and a factor of ten
change in s, 7, or g(O)hom causes only a 3% change in
[I(y,, t) + 7l]exp(- E2 y, 2 )exp[ AJvhom. Fair agreement with experiment is obtained,
- I~y1 , and it has been found that the actual emission line-
- 7S I(yj, t)dt] - yI(y1 , t). (35) width of a pulsed room temperature ruby laser oper-
°o ating far above threshold is about 1.2 cm-' insensi-
e1 the edge farce me ala {Q~w And +1.+ tive to the pumping level.'4
±1110 l ua 1 Ua L allo lS1 ::lllt: lifl Iab (14. bO), aiiu blAe
usual giant pulse solutions apply to each spectral re-
gion. In Fig. 6 are numerical linewidth solutions for
the case of negligible losses. In this figure the nor-
malized linewidth is plotted against the time Tinhom
= kt for various values of Einhom = 7rs1/k. It is evi-
dent from the figure that saturation leads to a re-
broadening of the intensity distribution back to the
inhomogeneous (Doppler) line shape. The minimum
linewidth occurs at the time Tinhom -lnEinhom,
when the width is about A = AVD(-lnEinhom)1/2
V. Applications
The results derived here can be applied directly to
obtain information about the parameters of practical
laser systems. As an example, we consider the 1700-
A xenon laser transition and assume that the broad-
1.0
.8
E
< .
.- 4
.2
0 0 10 20 30 40 50
Tinhom
Fig. 6. Spectral narrowing in an inhomogeneously broadened
laser for various values of Einhom = 7rS77/k.
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Thin, orlaiHl-
Since the theoretical and experimental emission
linewidths are large compared with the mode spac-
ing, multimode behavior is obtained. For a line-
width of 1.5 cm-1 and a mode spacing of At, = c/2L =
1.5 X 108 Hz, one obtains about 300 modes. This is
in contrast to the behavior of steady-state, homoge-
neously broadened lasers where single-mode oscilla-
tion is usually expected as the mode nearest line cen-
ter clamps the gain at its threshold value. In a
pulsed laser the initial gain may greatly exceed the
loss for a large number of modes; and spatial hole-
burning is not required to account for the multimode
effects.
With the results of Sec. II, the oscillation linewidth
of the longitudinal modes may also be readily calcu-
lated. For the instantaneous switching model, the
linewidth is given by Eq. (20). If the initial round
trip gain at the frequency of one of the modes of the
ruby laser is a factor of two (F = 1.414) and the mode
spacing is AP = 1.5 X 108 Hz, it follows that the line-
width is Avmode = Av(F - 1)/w7rF/2 = 16.6 MHz.
Thus, in a high gain pulsed laser, the oscillation line-
width may be much greater than in conventional cw
lasers. Linewidth considerations are essential for
applications such as pulsed holography, where a large
coherence length is required.
VI. Conclusion
In summary, the techniques described here make
possible a quantitative discussion of the spectral
properties of pulsed lasers. It has been shown that
narrow mode resonances develop after a few round
trips of the radiation initiated by spontaneous emis-
sion, provided the gain is not too large. For very
high gain systems (F > 10), the resonance structure
does not occur. Also, the over-all spectral envelope
narrows about line center. An understanding of
these effects is important for the prediction of a
pulsed laser's output characteristics and for a diagno-
sis of the fundamental parameters of a laser medium.
The results make possible a quantitative discussion
of uv and x-ray systems where the high levels of
spontaneous emission make data interpretation diffi-
cult. In such systems even the decision as to wheth-
er lasing has been achieved is sometimes not straight-
forward.
This work was supported in part by the National
Science Foundation.
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